Identification of the driving force behind an ordering phenomenon in a solid is one of the most fundamental questions of the condensed matter physics. The solution of this problem for the nematic phase of iron-based superconductors (IBS) has a special meaning since it may shed light on the origin of the electronic pairing itself. FeSe is a very convenient system for the identification of the interaction governing the tetragonal-to-orthorhombic transiton since static magnetic ordering, which breaks time-reversal symmetry in other IBS at lower temperatures, is not observed. The debates, however, are still very lively even concerning this material. First, it is not entirely clear whether this nematic transition is of electronic or lattice origin. Second, if it is the former, is it spin- or orbital driven? Finally, what is the energy scale of the phenomenon? Knowing the answers to these questions would not only assist one to choose between sign-preserving and sign-changing superconducting order parameter but also would clarify the role of nematicity in the mechanism of high-temperature superconductivity.

The direct way to understand the nature of the transition is to study its influence on the electronic structure of FeSe. Recent ARPES results are controversial: from one side[@b1][@b2][@b3][@b4][@b5][@b6][@b7] a gigantic energy splitting of the order of 50 meV (≈600 K) has been reported to occur below the structural transition at Ts = 87 K; from the other side, no influence of nematicity on the electronic structure has been directly resolved[@b8], at least on the scale larger than 10 meV[@b9]. In this study we explore the electronic structure of FeSe by using high-resolution ARPES and first principle DFT calculations with a new precision. These methods provide an explicit picture of the FeSe electronic structure and its evolution through the fourfold symmetry breaking phase transition in the broad temperature range. Our results suggest that the experimental electronic structure of FeSe cannot be fully explained by usual lattice deformation thus clearly implying the electronic origin of the nematic transition. Furthermore, we precisely determine the energy and momentum scales of the variations of the spectral function below Ts which remarkably agree with this temperature scale (87 K) and speculate about their magnetic or orbital origin.

Breakdown of Tetragonal Symmetry
================================

To understand the general features of the electronic structure of FeSe in the ordered phase let us start by presenting a comparison of low temperature ARPES data and band structure calculations in [Fig. 1a,b](#f1){ref-type="fig"} on a relatively large energy scale of hundreds of meV. Even at a first glance there is a good correspondence between the calculated in tetragonal phase (above transition) dispersions and experimental features. This qualitative agreement becomes quantitative if one performs two typical for IBS transformations: orbital-dependent renormalizations and relative energy shift of the constructions in the center and the corner of the Brillouin Zone (BZ). While the former transformation is due to the Hund-rule coupling and is well captured by the DMFT calculations[@b10][@b11], the latter is not yet well understood, but can be related either to the so called *s*± Pomeranchuk instability[@b12][@b13] or particle--hole asymmetry[@b14]. We note that such a shift, unlike the usually exercised "rigid" shift of the Fermi level, preserves the number of charge carriers in the system and results in singular Fermi surfaces in all known IBS *e*.*g*.[@b9][@b15]. Position of the Fermi level corresponding to the experimentally observed one is schematically indicated in [Fig. 1b](#f1){ref-type="fig"} by the dashed green line. Another effect responsible for the discrepancy between the experiment and calculations is the stronger renormalization of the *d*~*xy*~ band. Obviously, if all the bands were renormalized by the same factor, there would be no qualitative difference between two panels, provided the above mentioned shift is absent. Comparing the states marked by blue color (*d*~*xy*~) one notices reported before[@b8] renormalization factor of 9, vs. "usual" factor ≈3 for the rest of the bands. The main observation here is that the electronic structure of FeSe measured deep in the ordered state (T \< Ts) is very reasonably described by the calculations in the tetragonal phase, meaning that the nematic order does not alter the electronic structure significantly.

The Fermi surface map of FeSe featuring the typical for IBS hole- and electron-like pockets is shown in [Fig. 1c](#f1){ref-type="fig"}. We further focus our attention on the electron pockets in the corners of the BZ and discuss the data taken along many different cuts in momentum, not only high-symmetry one, as in [Fig. 1](#f1){ref-type="fig"} panel a. In [Fig. 1d](#f1){ref-type="fig"} we compare the experimental Fermi surface map in the vicinity of the corner of the BZ with the calculated one ([Fig. 1f](#f1){ref-type="fig"}), simulated by the integration within 5 meV of slightly broadened in energy and momentum (to mimic experimental resolution) band structure at 250 meV binding energy of bare DFT results. Corresponding energy-momentum cuts taken at different values of *k*~*x*~ are shown in [Fig. 1e](#f1){ref-type="fig"} with respective simulated intensity plots of the DFT results in [Fig. 1g](#f1){ref-type="fig"}. Again, we observe a remarkable qualitative correspondence both in energy and momentum for all cuts. We note that the larger electron pocket appears much shallower in the experiment because of the stronger renormalization of the *d*~*xy*~ band mentioned earlier. It is also clear now that the apparently elongated ellipses can be elongated already in the tetragonal phase, mostly because the experimental Fermi level runs close to the bottoms of the electron pockets and the nematicity[@b1][@b2][@b3][@b4][@b6][@b7] or the orbital dependent Fermi surface shrinking[@b5] plays secondary role.

The next step would be to compare the experiment with more exact calculations. Since the presence of the spin-orbit splitting has been demonstrated in all IBS[@b9] and crystal structure of FeSe below Ts is orthorhombic, we present the results of the fully relativistic band structure calculations with unequal in-plane lattice constants (a = 5.33426 Å, b = 5.30933 Å)[@b16] in [Fig. 2b](#f2){ref-type="fig"}. Inclusion of the spin-orbit interaction opens the gaps in the places of crossings of the non-relativistic dispersions, as has been reported previously[@b8][@b9]. One example of such hybridization is seen in raw data in [Fig. 1a](#f1){ref-type="fig"} at approximately −0.25 Å^−1^, where the *d*~*xy*~ states interact with *d*~*xz*~, *d*~*yz*~ states (intentionally not covered by schematic dashed lines). In order to facilitate the further comparison with the experiment, we overlay the results for two perpendicular directions in the BZ (green and blue lines) in [Fig. 2b](#f2){ref-type="fig"}. In this way we simulate the presence of two domains[@b1][@b2][@b3][@b4][@b17] in the area on the surface of the sample covered by a typical source of photons in ARPES experiment. The results of the calculations in tetragonal phase (red lines) are shown as well, to illustrate what to expect from the structural transition. Although previously always referred to as "negligible" due to 0.4% variation of the lattice constants, we clearly see the noticeable changes of the electronic structure both, when going from domain to domain and, what is more surprising, from tetragonal to orthorhombic distorted lattice. The most dramatic changes occur right at the corner of the BZ: some features, *e*.*g*. the bottom of the deeper electron pocket at ≈0.4 eV calculated binding energy, split by 25 meV. Taking into account that the experimental Fermi level lies in this region, one should be able to observe such changes as a function of temperature, even in the presence of the band renormalization.

In [Fig. 2d--f](#f2){ref-type="fig"} we compare the zoomed-in region of the theory dispersions with the corresponding experimental data. We emphasize, that any kind of misalignment is ruled out since the data are taken from the maps of electron pockets recorded at different photon energies. Raw data clearly indicate the presence of the features, not seen in the calculations of the tetragonal phase. In particular, and this is directly seen in the energy distribution curves (EDC) shown in [Fig. 2g](#f2){ref-type="fig"}, each of the two bottoms of the electron pockets is indeed split, exactly as calculations predict. The value of this splitting is lower (≈10 meV) than the theoretical one, as is expected because of the renormalization. Moreover, the fine structure expected from overlapping of two orthorhombic domains exactly corresponds to the experiment. The doubling of the features at higher binding energies is more difficult to see, but it is present in the second derivative plots (not shown). The obtained result complements our recent studies of the spin-orbit interaction in FeSe[@b9]. Earlier we have observed two relatively broad features in the EDC at the corner of the BZ and their splitting has not been directly resolved, leading us to an estimate of the upper limit of possible nematic splitting. Now we found the conditions at which we resolve the components directly and they are in a remarkable agreement with the band structure calculations taking into account both, spin-orbit interaction and orthorhombic distortion.

Temperature Dependence of The Electronic Structure
==================================================

Now we would like to trace the detected changes across the structural transition. First we provide the evidence that the mentioned above elongation of the electron pockets is indeed present in the normal state. The Fermi surface maps taken below (10 K) and well above (270 K) the structural transition in [Fig. 3b,c](#f3){ref-type="fig"} both feature the electron pocket of elliptical shape. This means that the effects of nematicity are more subtle than it was believed earlier[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. In [Fig. 3d--f](#f3){ref-type="fig"} we present the much discussed temperature dependence of the EDC from the corner of the BZ. As we have demonstrated in [Fig. 2](#f2){ref-type="fig"} this EDC at low temperatures consists of four peaks, which can be made more visible by selecting particular experimental conditions (photon energy and geometry) to minimize the influence of matrix element effects. This is in contrast to what has been reported before[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. Moreover, the EDC at higher temperatures has two components, as expected from the calculations of the tetragonal phase. Because of relatively high temperatures this splitting is not seen directly, but the characteristic lineshape of the EDC and its second derivative ([Fig. 3f](#f3){ref-type="fig"}) clearly show the presence of two components. We note that the appearance of the especially prominent peak closest to the Fermi level is due to the two factors. First is the lower temperature which is known to expose sharp peaks residing close to the Fermi level because of the Fermi function which enters the expression for ARPES photocurrent. Second is the slightly asymmetric splitting of the bottom of the smaller electron pocket seen in the calculations of the orthorhombic phase ([Fig. 2b](#f2){ref-type="fig"}). The binding energy of the closest to *E*~*F*~ split component is only a few meV. We note that the splitting due to *a* ≠ *b* (10 meV) is not very large and was therefore elusive before. It is not equally clearly seen at arbitrary experimental conditions (compare EDCs from [Figs 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). Sometimes it appears only as a shoulder near the more intense counterpart which is due to the matrix element effects. By now we can state that the effect of nematic ordering is indeed observed by ARPES, but its magnitude is of the order of 10 meV and what is more important, it is nicely described by the conventional band structure calculations which take into account spin-orbit interaction and orthorhombic distortion of the lattice. No attempts to simulate magnetism or orbital ordering have been made in the calculations. At this stage, one is tempted to conclude that the nematic phase in FeSe is just a consequence of the phonon-driven structural transition, which occurs because of the softening and subsequent freezing out of a particular phonon mode.

However, in order to draw the final conclusions we first have to investigate the center of the BZ with the same precision. Coming back to the results of the calculations in [Fig. 2b](#f2){ref-type="fig"}, one easily notices that the red, blue and green dispersions forming the hole-like Fermi surfaces nearly coincide, in sharp contrast to the situation in the corner of BZ. This means that the calculations predict negligible variations of the electronic structure in this part of the reciprocal space both upon entering the tetragonal phase and between domains. In [Fig. 4](#f4){ref-type="fig"} we present corresponding experimental data. The high-precision Fermi surface mapping reveals a complicated structure ([Fig. 4a](#f4){ref-type="fig"}) which upon closer consideration is explained by crossed ellipses of the kind we observed in the case of electron-like pockets earlier ([Fig. 4b](#f4){ref-type="fig"}). The presence of crossed ellipses in the center of the BZ has been also observed and discussed earlier[@b4][@b17]. The cut through the non-degenerate sections of these ellipses (red arrow in [Fig. 4a](#f4){ref-type="fig"}) shown in [Fig. 4c](#f4){ref-type="fig"} and its second derivative ([Fig. 4d](#f4){ref-type="fig"}) unambiguously demonstrate that experimental electronic structure deviates from the calculated one. Taking into account that *xy*-dispersion does not come close to the Fermi level ([Fig. 1a](#f1){ref-type="fig"}), one clearly sees three other dispersing features in the immediate vicinity of the Fermi level, instead of two. It means that experimentally the *xz*/*yz* dispersions are indeed different for two domains and this difference is strongly underestimated by the calculations. Since the results of our calculations are associated with the conventional phonon-driven structural transition, here we see the evidence for a much stronger effect which must be triggered by the interaction of different kind; in this case, obviously electronic in nature.

Remarkably, the energy scale approximately coincides with the one extracted from the splittings at M-point: the energy separation of the dispersions which cross the Fermi level is of the order of 15 meV (see [Fig. 4b](#f4){ref-type="fig"}). This is in line with the previous theoretical arguments of Fernandes and Vafek[@b18]. Indeed, the splitting of the bands in the center of the BZ and of bottom of the shallower electron pocket have been associated with the lifting of degeneracy of the *xz*/*yz* bands, while the splitting of the bottom of the deeper electron pocket is due to the hopping anisotropy of *xy* states. From [Fig. 2g](#f2){ref-type="fig"} one can see that both are of the same order of magnitude with the latter being slightly smaller. Using the same approach[@b18] and knowing the energy scale of nematic order obtained in the present paper, we can determine the contribution of the spin-orbit interaction to the splitting of the *xz*/*yz* bands in the center of the BZ more precisely. From the previously detected total splitting of 25 meV[@b9] only 20 meV are due to spin-orbit coupling (25^2^ = 20^2^ + 15^2^). Exactly such splitting is directly observed in the center of the BZ above Ts.

Experiment tells us that the modifications of the electronic structure of FeSe upon entering nematic phase are stronger near the center of the BZ than the simple lattice-distortion approach predicts, pointing to the electronic mechanism as a driving force. This implies a prevalence of the short momentum range interaction in formation of the nematic order in FeSe. In order to use this information to differentiate between the orbital or Ising-nematic orders as possible candidates, more rigorous quantitative estimates are needed.

Conclusions
===========

In conclusion, our ARPES study demonstrated that the electronic structure of FeSe is indeed sensitive to the structural transition at 87 K, however the energy scale has been overestimated earlier. The most of the features previously attributed to the nematic ordering in the vicinity of the corner of the BZ can be reproduced by the conventional band-structure calculations. Our calculations for the low temperature phase suggest more hidden effects of the band structure transformation which are supported by our ARPES results. In contrast, the experimentally derived electronic structure near the center of the BZ is not in agreement with simple DFT treatment. Namely, we found splitting of the hole pocket in the Γ point originated by the presence of two domains in the orthorombic phase. Finally, we established the new energy and momentum scales of the nematic order in FeSe which are consistent with the critical temperature of the transition, imply the electronic origin of the effect and provide a quantitative basis for differentiation between orbital and spin interactions as triggers of the nematic transition.

*Note added:* While completing this work we became aware of a similar study on FeSe[@b19]. While the experimental data agree, and previously determined energy scale of 50 meV is reevaluated, interpretation of the details and conclusions are somewhat different.

Experimental and computational details
======================================

Experimental details
--------------------

Samples were grown by the KCl/AlCl~3~ chemical vapor transport method. ARPES measurements were performed at the I05 beamline of Diamond Light Source, UK. Single-crystal samples were cleaved *in situ* in a vacuum lower than 2 × 10^−10^ mbar and measured at temperatures ranging from 5.7 to 270 K. Measurements were performed using linearly polarized synchrotron light with 23 eV and 28 eV for Γ and *M* point respectively, utilizing Scienta R4000 hemispherical electron energy analyser with an angular resolution of 0.2°--0.5° and an energy resolution of 3 meV.

Computational details
---------------------

Self-consistent band structure calculations were performed using the linear muffin-tin orbital (LMTO) method[@b20] in the atomic sphere approximation (ASA) as implemented in PY LMTO computer code[@b21]. The Perdew-Wang parameterization[@b22] was used to construct the exchange correlation potential in the local density approximation (LDA). Spin-orbit coupling was taken into account at the variational step.

Calculations were performed for experimental high-temperature tetragonal and low temperature orthorhombic crystal structures of FeSe[@b23][@b24].
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![ARPES data compared to corresponding band-structure calculations of the tetragonal phase of FeSe.\
(**a**) ARPES intesity along the diagonal of the BZ; (**b**) full relativistic (solid lines) and scalar-relativistic (symbols) calculations for the tetragonal phase; red symbols represent *d*~*xz*,*yz*~ states, blue symbols represent *d*~*xy*~ states; (**c**) ARPES-derived Fermi surface map acquired at *hν* = 100 eV showing the full Brillouin zone with the hole-like pocket in its center and electron-like pockets in its corners; (**d**) high-resolution Fermi surface map of electron pockets measured at *hν* = 28 eV; (**e**) momentum-energy intensity maps taken at 0.2, 0.15, 0.1, 0.5, 0 Å^−1^ from the center (0.82 Å^−1^) of electron pockets; (**f**) electron pockets simulated by the integration within 5 meV of band structure at 250 meV binding energy of bare DFT results; (**g**) corresponding to panel e calculated momentum-energy intensity maps.](srep36834-f1){#f1}

![(**a**) FeSe crystal structure; (**b**) full relativistic DFT calculations for the tetragonal and orthorhombic phases of FeSe (**c**) zoomed-in view of the DFT calculations close to the BZ corner; (**d**) same as in panel c, but without tetragonal phase to simulate photoemission signal; (**e**,**f**) ARPES data along the Γ--*M* direction in vicinity of the BZ corner taken at 6.4 K and using 42 eV and 28 eV photon energy, respectively; (**g**) EDCs at the BZ corner obtained by integration within 0.06 Å^−1^ of ARPES data at panel (**e**,**f**) correspondingly.](srep36834-f2){#f2}

![(**a**) High resolution ARPES data along the shortest *A*--*A* direction in vicinity of the *A* point; (**b**) high resolution ARPES derived Fermi surface in vicinity of *A* point measured with *hν* = 28 eV and T = 10 K; (**c**) ARPES derived Fermi surface in vicinity of *A* point measured with *hν* = 28 eV and T = 270 K; (**d**) EDC curves taken at the *A* point measured at temperatures from 10 K to 150 K; (**e**,**f**) color plot representation of data from panel (**d**) and its second derivative, respectively.](srep36834-f3){#f3}

![(**a**) High resolution ARPES derived Fermi surface in vicinity of *Z* point measured with *hν* = 23 eV; (**b**) cartoon of the two domain Fermi surface in vicinity of *Z* point; (**c**,**d**) high resolution energy cut along the shortest *Z*--*Z* direction at k~*x*~ = 0.05 Å^−1^ and its second derivative respectively.](srep36834-f4){#f4}
